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Introduction {#s01}
============

VEGF signaling pathways drive the development of the vascular system by regulating three distinct processes: vasculogenesis, angiogenesis, and arteriogenesis. Embryonic vascular development is initiated by vasculogenesis when VEGF induces differentiation of endothelial progenitors to endothelial cells that then form a primitive vascular network. This network is then remodeled and expanded through the process of angiogenesis, where endothelial cells respond to VEGF-A by sprouting, proliferating, and migrating to form new lumenized vessels. Concurrently, arteriogenesis ensures the formation of arteries through VEGF-induced arterial fate specification, lumen expansion, and endothelial cell proliferation. Proper coordination of angiogenesis and arteriogenesis results in a hierarchal vascular network consisting of arteries, capillaries, and veins that provides a means to effectively deliver oxygen and nutrients throughout the body \[[@bib-001]\]. Disruption of either one of these processes can impair growth and potentially lead to embryonic lethality.

In the developed vascular system, angiogenesis and arteriogenesis continue to play unique yet equally important roles in both health and disease. In situations such as wound healing and cancer, hypoxic tissues secrete VEGF to induce angiogenesis, thereby expanding the capillary network and increasing nutrient and oxygen supply \[[@bib-001],[@bib-002]\]. Tumor angiogenesis promotes cancer progression by increasing tumor growth and providing a conduit for metastasis \[[@bib-003]\]. Thus, anti-angiogenic therapies are now a common component of cancer therapies for multiple tumor types.

Diseases characterized by vascular occlusion, such as coronary or cerebral artery occlusions, may benefit from therapies that promote arteriogenesis to expand pre-existing collateral anastomosis and induce new arterial growth. When sufficiently developed, collateral vessels function as biological bypasses; artery-to-artery communications bypass the capillary bed to provide blood flow to tissues served by an occluded artery. VEGF signaling is critical for this process, promoting collateral growth and *de novo* arteriogenesis \[[@bib-004]\]. Humans and mice with a higher number of nascent collateral vessels display decreased ischemia and improved recovery after occlusion of a major arterial branch \[[@bib-005]\]. In contrast, therapies that promote angiogenesis after ischemia have had limited success in treating advanced arterial occlusive diseases \[[@bib-006]\]. Understanding the molecular mechanisms that distinguish endothelial function in arteriogenesis from angiogenesis is of great interest in order to develop targeted and more effective therapies for diseases characterized by inadequate blood flow.

The VEGF signaling pathway regulates endothelial cell function in both angiogenesis and arteriogenesis. However, differences in the growth factor-induced signaling between these two processes remain incompletely understood. A number of studies have suggested that VEGF-driven activation of ERK1/2 signaling is critical for arterial fate specification in both developmental and adult arteriogenesis \[[@bib-007]--[@bib-011]\]. Investigations of the molecular details of VEGF activation of ERK have revealed a critical role played by the VEGFR, NRP1.

Neuropilins are a two-member family of non-tyrosine kinase receptors that bind VEGFs and semaphorins through two distinct extracellular domains. In particular, NRP1 is enriched in arterial endothelial cells and binds both VEGF-A~165~ and semaphorin-3A (SEMA3A), whereas NRP2 is expressed predominantly by lymphatics \[[@bib-012]--[@bib-014]\]. The short cytoplasmic domain of NRP1 contains a C-terminal PDZ-binding domain required for interactions with synectin, a cytoplasmic PDZ protein, and likely other PDZ-binding partners \[[@bib-015]\]. Mice homozygous null for NRP1 die *in utero* and display neuronal and cardiovascular defects \[[@bib-016],[@bib-017]\]. Mice expressing mutant NRP1 that can bind VEGF, but not semaphorin, survive until birth, demonstrating that NRP1 regulation of VEGF signaling is critical for vascular function and thus embryonic viability \[[@bib-018]\]. More recently, studies of a mouse line carrying a knock-in of NRP1 missing its cytoplasmic domain revealed that these animals live but have a profound arteriogenic defect \[[@bib-010],[@bib-019]\]. In contrast, mice carrying a knock-in of NRP1 with a mutated VEGF-A-binding site have predominantly perinatal angiogenic defects and display mildly impaired arteriogenesis \[[@bib-020],[@bib-021]\]. These discoveries imply that NRP1 accounts for differential regulation of angiogenic versus arteriogenic signaling by VEGF. The different roles played by NRP1 make it an exciting target for developing therapeutics to target diseases that specifically require either capillary or arterial vessel regrowth.

Here, we review the function of NRP1 regulation of VEGFR2 signaling in both angiogenesis and arteriogenesis. We will first give background on the VEGF signaling pathway. We will then discuss how NRP1 functions as a VEGF co-receptor in angiogenesis and as a mediator of VEGFR2 trafficking in arteriogenesis. We propose that NRP1 functions as a VEGF signaling modulator that imparts unique endothelial cell function required for either arteriogenesis or angiogenesis.

VEGF signaling {#s02}
==============

VEGFs induce endothelial cell differentiation, proliferation, migration, and survival while promoting vascular permeability. The VEGF protein family consists of VEGF-A, -B, -C, and -D \[[@bib-022]\]; placenta growth factor (PlGF) \[[@bib-023]\]; VEGF-E produced by *orf* viruses \[[@bib-024]\]; and a group of snake venom-derived VEGF-Fs \[[@bib-025]--[@bib-027]\]. VEGFs mediate their effects on endothelial cells by activating cell surface VEGFR tyrosine kinases, VEGFR-1, -2, and -3 \[[@bib-028]\]. VEGFRs selectively bind certain VEGF ligands. For example, VEGF-A exclusively binds VEGFR1 and VEGFR2, whereas VEGF-C exclusively binds VEGFR2 and VEGFR3. Generally speaking, VEGFR3 activation by VEGF-C regulates the lymphatic vasculature, whereas VEGF-A activation of VEGFR2 is the main regulator of blood endothelial cell function \[[@bib-029],[@bib-030]\]. Mice heterozygous for VEGF-A or homozygous null for VEGFR2 die embryonically and display severe vascular defects, demonstrating the critical role played by VEGFs in vascular development \[[@bib-031]--[@bib-033]\]. Furthermore, mice carrying a single amino acid mutation that prevents VEGFR2-induced activation of ERK1/2 die *in utero* because of vascular defects \[[@bib-034]\].

In line with VEGFR2 being a master regulator of endothelial cell function, activation of VEGFR2 initiates multiple signaling pathways that regulate endothelial proliferation, migration, adhesion, lumenization, and survival \[[@bib-028]\]. Activation of the phosphatidylinositol 3-kinase/Akt signaling pathway promotes endothelial cell survival by inhibiting apoptosis, whereas activation of Src-FAK signaling mediates endothelial cell migration and vascular permeability \[[@bib-035],[@bib-036]\]. Phosphorylation of VEGFR2 also activates the Raf-MEK-ERK signaling cascade whereby ERK1/2 phosphorylation induces endothelial cell proliferation, network formation, and increased vessel lumen size \[[@bib-009],[@bib-037],[@bib-038]\]. In mice, newly formed collateral vessels express elevated levels of phosphorylated ERK1/2 after vascular occlusion, and decreased ERK signaling has been associated with impaired arteriogenesis \[[@bib-009],[@bib-011],[@bib-039]\]. Thus, ERK activation in response to VEGFR2 signaling is hypothesized to be a critical component of arteriogenesis regulation.

VEGFR2 trafficking {#s03}
==================

In contrast to the standard view of receptor tyrosine kinase (RTK) signaling, which holds that RTKs activate second messenger pathways at the plasma cell membrane, VEGFR2 activation of ERK requires receptor internalization and trafficking \[[@bib-009],[@bib-040]--[@bib-042]\]. Thus, VEGFR2 trafficking through different endosomal compartments adds another layer of regulation to VEGFR2 signaling \[[@bib-043],[@bib-044]\]. VEGFR2 is internalized via clathrin-coated pits after ligand-induced receptor dimerization and autophosphorylation \[[@bib-040],[@bib-045]\]. VEGFR2 is then shuttled between different vesicular compartments to eventually be recycled back to the plasma membrane for another round of signaling or sent to the lysosome for degradation. Rab GTPases, found on the surface of vesicles, interact with an array of adaptor proteins in order to direct vesicles to different cellular locations \[[@bib-046]\]. Specific types of Rab GTPases are associated with different vesicular compartments; thus Rab proteins can be used to identify the different routes of endosomal transport. After internalization, VEGFR2 is first localized to Rab5-positive early endosomes, which then recruit the adaptor protein EEA1 \[[@bib-047]\]. At this point, VEGFR2 can be either shuttled back to the plasma membrane for receptor recycling via Rab11-dependent transport or directed to the lysosome for protein degradation via Rab7-positive endosomes \[[@bib-048],[@bib-049]\]. In the absence of VEGF stimulation, VEGFR2 is constitutively returned to the plasma membrane by Rab4-dependent fast-loop receptor recycling. In response to VEGF stimulation, VEGFR2 is returned to the plasma membrane via slow-loop recycling, which depends on Rab11-positive endosomes. The process of slow-loop recycling of VEGFR2 via Rab11-positive endosomes functions to prolong VEGFR2 signaling \[[@bib-047]\].

NRP1, a VEGR-2 co-receptor in angiogenesis {#s04}
==========================================

During angiogenesis, endothelial cells sprout from pre-existing vasculature to form new capillary networks. Highly migratory endothelial cells, termed tip cells, lead endothelial sprouts. Tip cells extend filopodia into the extracellular environment and are highly responsive to VEGF because of high levels of VEGFR2 expression \[[@bib-050]\]. Mice deficient in NRP1 display a reduced number of tip cells in the developing mouse hindbrain \[[@bib-051]\]. More recently, NRP1 was shown to be enriched in endothelial tip cells during angiogenesis in the embryonic hindbrain \[[@bib-052]\]. Accordingly, mice chimeric for endothelial-specific NRP1 knockout demonstrate that endothelial cells that maintain expression of NRP1 preferentially take the tip cell position during sprouting angiogenesis \[[@bib-052]\].

NRP1 contributes to the tip cell phenotype by regulating the VEGFR2 response to VEGF stimulation. In cultured endothelial cells, VEGF stimulation induces NRP1-VEGFR2 complex formation and the presence of NRP1 increases VEGFR2 signaling potency to promote VEGF-induced chemotactic and mitogenic activity \[[@bib-012],[@bib-053],[@bib-054]\]. In zebrafish, NRP1 knockdown causes severe vascular defects, including impaired development of the intersomitic vessels, a process dependent on sprouting angiogenesis \[[@bib-055]\]. Combined inhibition of NRP1 and VEGF-A in the zebrafish embryo demonstrated that NRP1 cooperates with the VEGF signaling pathway whereby NRP1 lowers the required concentration of VEGF needed to activate VEGFR2 and induce angiogenesis \[[@bib-055]\]. By increasing VEGFR2 activation in response to VEGF, NRP1 acts as an important regulator of angiogenesis in zebrafish.

Antibodies that block NRP1 binding specifically to VEGF impair endothelial cell sprouting, both in the mouse retina and in tumor models \[[@bib-056]\]. Assessment of mice expressing endothelial knock-in mutations of NRP1 that specifically inhibit VEGF-A~165~ binding demonstrates that VEGF-A binding to NRP1 is not required for embryonic angiogenesis but instead contributes to postnatal angiogenesis \[[@bib-020],[@bib-021]\]. Mice expressing a knock-in of an NRP1 mutation that inhibits VEGF-A~165~ binding and reduces NRP1 expression are embryonically viable, but display an increased rate of postnatal mortality and impaired angiogenesis in the hindbrain and retina \[[@bib-021]\]. A second NRP1 VEGF-A~165~ binding-deficient transgenic mouse line that expresses normal levels of NRP1 displayed normal viability and only mildly impaired retinal angiogenesis as characterized by delayed vessel outgrowth \[[@bib-020]\]. In contrast to endothelial-specific NRP1 knockout mice, which display severely impaired angiogenesis in the hindbrain accompanied by reduced VEGFR2 expression and phosphorylation levels, expression of VEGF-A~165~ binding-deficient NRP1 results in normal hindbrain angiogenesis, normal VEGFR2 expression, and only mildly reduced VEGFR2 phosphorylation levels \[[@bib-020]\]. These findings suggest that NRP1 promotes angiogenesis independently of its VEGF-A~165~-binding capability. Instead, it is hypothesized that, during angiogenesis, NRP1 functions as a VEGFR2 co-receptor to enhance VEGFR2 activation.

Studies also support a role for NRP1 in regulating angiogenesis independently of VEGFR2. NRP1 has been shown to mediate endothelial cell adhesion, in part through interactions with α5β1 integrins \[[@bib-057]--[@bib-059]\]. More recently, it was shown that NRP1 complexes with the non-RTK ABL1 to promote endothelial cell motility by stimulating fibronectin-induced actin remodeling \[[@bib-060]\]. Accordingly, pharmacological inhibition of ABL1 by treatment with imatinib impairs angiogenesis, as demonstrated by reduced tip cell number and decreased vessel branching in the developing retina. Thus, endothelial NRP1 functions independently of VEGFR2 to provide an additional means of angiogenic modulation.

NRP1 in arteriogenesis and VEGFR2 trafficking {#s05}
=============================================

Unlike deletion of full-length NRP1, which results in both angiogenic and arteriogenic defects, transgenic mice expressing a truncated version of NRP1 lacking the cytoplasmic domain (*NRP1^cyto^*) do not display embryonic, postnatal, or pathological angiogenic phenotypes \[[@bib-010],[@bib-019]\]. Instead, loss of the NRP1 cytoplasmic domain specifically impairs arteriogenesis \[[@bib-010]\]. *NRP1^cyto^* mice display reduced arterial network size and complexity in the kidney, heart, and hindlimb. After femoral artery ligation, blood flow recovery, which depends on *de novo* arterial formation, is significantly impaired in *NRP1^cyto^* adult mice. Defective arteriogenesis in *NRP1^cyto^* mice was attributed to impaired VEGFR2 trafficking from Rab5-positive sorting endosomes to EEA1-positive endosomes, which resulted in reduced VEGFR2 phosphorylation and impaired ERK activation.

Trafficking of VEGFR2 from Rab5-positive endosomes to EEA1-positive endosomes requires the PDZ (PSD-95/Dlg/ZO-1) domain-containing adaptor protein synectin, also termed GAIP interacting protein, COOH-terminus (GIPC) and neuropilin-interacting protein (NIP) \[[@bib-061]\]. Synectin forms a complex with PDZ-binding proteins and the actin-based molecular motor myosin VI to promote inward trafficking of endosomes away from the plasma membrane. VEGFR2 lacks a PDZ-binding domain, so it cannot directly interact with synectin. Through its cytoplasmic domain, NRP1 can act as a bridge between VEGFR2 and synectin to allow for proper VEGFR2 trafficking. Thus, endothelial cells lacking either the NRP1 cytoplasmic domain or synectin display impaired VEGF2 endocytic trafficking, resulting in diminished ERK activation \[[@bib-009],[@bib-010]\].

NRP1 has also been shown to regulate VEGFR2 recycling to the plasma membrane. Under normal conditions, VEGF-A stimulation causes VEGFR2 localization to Rab11-positive endosomes and subsequent receptor recycling to the plasma membrane. In the absence of NRP1, VEGFR2 is instead shuttled to Rab7-positive endosomes that deliver VEGFR2 to the lysosome for degradation \[[@bib-047]\]. The carboxyterminal SEA domain of NRP1 that mediates synectin binding was also shown to be required for VEGFR2 recycling via Rab11-positive endosomes.

Thus, NRP1 amplifies VEGFR2 signaling by ensuring proper VEGFR2 trafficking to allow for prolonged signal activation. The high levels of ERK activation required for arteriogenesis appear to be uniquely dependent on proper VEGFR2 trafficking. In this way, the NRP1 cytoplasmic domain is indispensable for arteriogenesis.

Conclusions {#s06}
===========

VEGFR2 signaling is required for endothelial cell differentiation, sprouting, and lumen expansion. Yet, how VEGFR2 is differentially regulated to contribute to these very different endothelial cell outcomes is only just beginning to be elucidated. Intracellular trafficking of VEGFR2 through different endosomal compartments is a relatively new field of study. The data reviewed here show that VEGFR2 trafficking critically regulates the cellular outcomes in response to VEGFR2 activation. In elucidating the role of NRP1 in endothelial cells, our understanding of endothelial cell biology has been expanded to show that VEGFR2 signaling can be differentially regulated to alter two distinct vascular processes: angiogenesis and arteriogenesis. Optimal VEGFR2 trafficking, dependent on NRP1, is dispensable for angiogenesis but required for arteriogenesis. This suggests that arteriogenesis requires prolonged VEGFR2 signaling, which is accomplished through proper endosomal trafficking, and involves high levels of ERK activation.

During angiogenesis, endothelial tip cells express exceptionally high levels of VEGFR2 and are exposed to high concentrations of VEGF-A. In such an environment, sustained VEGFR2 signaling may not be required for the cellular migration and network formation required for angiogenesis. In contrast, arteriogenesis involving luminal expansion and *de novo* arterial fate specification may occur in a setting with reduced VEGF-A, thus requiring NRP1-dependent mechanisms that amplify VEGFR2 signaling and prolong ERK activation, such as receptor recycling and receptor trafficking. Understanding additional levels of VEGFR2 signaling regulation, such as VEGFR2 trafficking, could help answer multiple outstanding questions in the field of vascular biology pertaining to tip cell selection and lumen formation. Clearly, proper VEGFR2 trafficking is an important component of collateral vessel formation. Expanding the field of VEGFR2 trafficking could shed light on this poorly understood vascular process.
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